A clone corresponding to a thyroid hormone receptor was isolated from a Xenopus cDNA library prepared from folliculated oocytes. The cDNA encodes a protein of 418 amino acid residues with a domain structure, including a putative DNA binding region with two zinc fingers, similar to other members of the v-erbA-related superfamily of receptors. The encoded protein resembles the TRal-type receptor of the rat When expressed in COS cells the protein product binds triiodothyronine with a Kd of 0.12 nM. The receptor mediates thyroid-hormone-inducible expression of a reporter gene which includes a thyroid hormone response element in its upstream region.
INTRODUCTION
Cellular homologues of the viral oncogene v-erbA encode proteins which bind the thyroid hormone 3,3',5-triiodothyronine (T3) (1) . The thyroid hormone receptors are now recognised as members of a superfamily which also includes the steroid hormone receptors, retinoic acid receptors, and some proteins whose ligands are as yet unknown (1) . Hormone receptors of this superfamily are ligand-dependent transcription factors which mediate hormonal effects in differentiation, development, and homeostasis, by regulating the transcription of networks of target genes (1) .
One of the striking findings of recent research on mammalian thyroid hormone receptors is the variety of different receptors now known. For example, in the rat there are at least two thyroid hormone receptor genes, TRa and TR/?, each of which generates two or more mRNAs, and polypeptide products, through alternate splicing (23,4,5,6) Thyroid hormone action is particularly dramatic in amphibia such as Xenopus. because it is the thyroid hormones which primarily control the complex series of changes which constitute metamorphosis from tadpole to adult (7) . Here we describe the isolation and characterisation of a thyroid hormone receptor from Xenopus.
MATERIALS AND METHODS
cDNA cloning and sequencing A Xenopus laevis mature oocyte cDNA library in the vector kZAP (Stratagene, La Jolla, CA, USA) (8) containing 4 x lCr independent recombinant phage was provided by Dr John Shuttleworth, University of Birmingham, UK This library was screened with a 500nt P_£tl fragment of the v-erbA gene (Oncor Inc, Gaithersburg, MD, USA). Hybridization was performed at 42°C in 50% formamide, 6 x SSC, 1 x Denhardts' solution, 100/ig/ml E^Sili tRNA; using standard techniques (9), followed by washing at 37°C in 2 x SSC, 0.1% SDS. Plaque-purified positives were automatically excised into pBluescript according to the manufacturer's instructions (8) . One positive clone with an insert size of about 23kb, pBluescript-XenTRal, was sequenced by the dideoxy chain termination method (10) , and mapped by standard techniques (9) . Construction of pBloescript-xenTRal/p The EcoRI insert of pBluescript-XenTRal was subcloned into M13mpl8 and site-directed mutagenesis (11) was used to convert the sequence GAATTA, about nucleotide 450, into an ECQRI site. The Eco RI fragment defined by this new site, and the Eco RI site in the polylinker at the 3' end of the cDNA insert, was then cloned into pBluescriptKS+ (Stratagene). In vitro transcription and translation To prepare sense transcripts from pBluescript-XenTRal and pBluescript-XenTRalD, 0.5/<g portions of the plasmid DNAs were linearized with BamHI and transcribed with phage T7 RNA polymerase or phage T3 RNA polymerase (New England Biolabs, Beverley, MD, USA) as recommended by the enzyme supplier. Antisense transcripts were prepared by linearization with XJjo.1 and transcription by phage T3 RNA polymerase and phage T7 RNA polymerase. For in vitro translation, approximately 0.5 fig of uncapped synthetic RNA was translated either in a wheat germ or rabbit reticulocyte cell-free system using •"Smethionine as the labelled amino acid. The products of the reaction were denatured, reduced and then analysed by SDS-polyacrylamide (15%) gel electrophoresis. Transfection and hormone binding The complete cDNA insert from pBluescript-XenTRal was excised with B_amHI and XJIQI and inserted into the polylinker of the SV40 expression vector pSVL (Pharmacia) to generate pSVL-XenTRal. In this plasmid transcription of the cDNA can be driven by the SV40 late promoter. COS cells were transfected with either pSVL-XenTRal or a control plasmid, pSVL-8 (containing a fragment from a Xenopus histone gene cluster, including a functional H3 gene), using a DEAE-dextran transfection procedure (12) . 48 hours posttransfection, the cells were scraped off the surface of the plastic flask, washed twice in cold phosphate-buffered-saline, harvested by low speed centrifugation, and resuspended in 160//I (per 75 cm 2 flask) of binding buffer (20mM Tris-HCl pH 7.6, 50mM NaCl, 2mM EDTA, 17% glycerol, 5mM /J-mercaptoethanol, OimM phenylmethane sulphonyl fluoride). The suspension was frozen and thawed twice to lyse the cells, and then centrifuged at 10,000g for 10 minutes at 4°C. The supernatant was stored at -70°C. Each IScar flask of semi-confluent COS cells was transfected either with 2,«g of pTK 28 mult DNA or a mixture of 2,ug of pTK28 mult DNA and lOfig of pSVL-XenTRalD. The plasmid pTK28 mult (14) is a construct which contains a promoter sequence derived from the thymidine kinase gene of herpes simplex virus. The promoter region has been manipulated to contain two direct repeats of the following sequence, which acts as a thyroid hormone response element : TCAGGTCATGACCTGA. This modified promoter directs expression of a chloramphenicol acetytransferase (CAT) gene.
After transfection by the DEAE-dextran procedure, the cells were kept in medium containing 10% foetal calf serum, for 24 hours. The medium was then changed to one containing no serum, plus or minus T3 at 10"°M. 48 hours post-transformation cells were harvested, and CAT assayed by standard methods (15) .
RESULTS

A Xenopus cDNA library was prepared from poly(A)
+ -RNA isolated from fully-grown oocytes that had been matured in vitro by treatment with progesterone. The follicle cells which surround the oocyte were present The library was screened using a nick-translated DNA probe comprising a DNA fragment of the v-erbA gene of avian erythroblastosis virus. Preliminary analysis revealed that several positively-reacting clones were related in sequence. A representative of these clones, designated XenTRal, is described here. Figure 1 shows a map of the clone, and its nucleotide sequence. The sequence contains a long open reading frame of 418 codons. When the deduced amino acid sequence of this reading frame was compared with the known rat thyroid hormone receptors, it was found to be very similar to the rat TRal type (see fig. 1 ). We conclude that the protein therefore has a domain structure similar to other members of the v-erbA-related superfamily. Of particular interest is the zinc finger region, which is responsible for DNA binding. The putative zinc finger region of the Xenopus receptor ( fig. 2 ) shows certain differences from previously-studied thyroid hormone receptors, and refines the consensus for this region. The Xenopus sequence is in fact more similar to the rat TRal sequence than any of the other known rat types and hence we have designated the Xenopus sequence as being of the same, TRal, type. Relative to the rat TRal, the Xenopus TRal has a deletion of two amino acids (between codons 19 and 20 of XenTRal) and an insertion of 10 amino acids (codons 40 to 49 of XenTRal) making the Xenopus TRal reading frame longer than the rat TRal reading frame by 8 codons. The Xenopus sequence closely resembles the chicken thyroid hormone receptor (17) , being 92% similar at the amino acid level (excluding the block of 10 residues codons 40 to 49 which are absent from the chicken sequence).
In order to confirm the presence of a long open reading frame in the cDNA, transcripts of the entire cDNA sequence were synthesised in vitro, employing phage promoters flanking the cDNA insert in the Bluescript vector. The transcript was translated in a wheat germ cell-free system. The cDNA transcript directed the synthesis of several porypeptide products ( figure 3 ). The largest of these has an estimated molecular mass of about 49kD, which agrees well with an open reading frame of 418 codons. A second cDNA construction was made in an attempt to improve the efficiency of translational initiation of the initiator ATG of the long open reading frame. This construction involved deleting upstream cDNA sequences so as to remove ATGs upstream of the long reading frame. Such a construct (XenTRalD) gave transcripts which were translated in both the wheat germ and rabbit reticulocyte cell-free systems, giving rise to a prominent product at about 49kD. This suggests that the smaller polypeptides produced from expression of the original cDNA construct are the result of translational initiation at ATGs within the long open reading frame, rather than the result of proteolytic degradation or premature termination of transcription.
We showed that the polypeptide encoded by XenTRal binds T3, by expressing it in COS cells. These cells were transfected with a pSVL construct in which XenTRal expression is driven by transcription from the SV40 late promoter. The construct included the entire cloned cDNA, complete with the upstream ATGs. As a control, extracts were made from COS cells transfected with an 'irrelevant' DNA, pSVL-8 (a pSVL construct containing a Xenopus H3 gene). These control extracts showed some binding of T3 ( fig. 4 ), but Scatchard analysis (18) of the binding showed it to be high-capacity and of low affinity (not shown). Therefore, in this assay, COS cells are deficient in high-affinity T3 receptors. Extracts of COS cells in which XenTRal was expressed showed an overall increase in T3 binding, and Scatchard analysis showed that the binding was of high affinity, with a K^ of 0.12nM. The binding of T3 by the XenTRal protein was assayed in the presence of various (fig. 4) . The analogue 3,3',5-triiodothyroacetic acid (TRIAC) competed with T3 binding very effectively, having an efficiency greater than 10-fold that of T3 itself. Reverse-T3 (33',5'-triiodothyronine) competed very poorly. The efficiencies of these compounds in the competition assay reflects their biological potencies. In order to test the effectiveness of die receptor as a ligand-activated gene regulator, experiments were performed in which COS cells were cotransfected with pSVL-XenTRal and a test gene, pTK28 mult, which consists of a CAT coding region driven by a thymidine kinase promoter region into which a thyroid hormone response element has been inserted (14) . The reporter activity was inducible by T3 in the presence of expressed receptor (figure 5). The extent of induction by 1O'°M T3 was about 6-fold. In the absence of receptor there was very little expression of the reporter activity either in the presence or absence of the hormone.
DISCUSSION
Our data show that a thyroid hormone receptor cDNA has been isolated from a Xenopus oocyte library. It is possible that the receptor mRNA was derived from the follicle cells which were present around the oocytes. The presence or absence of the receptor mRNA and receptor protein in oocytes, eggs and early embryos is of interest in the context of larval development Previous work has suggested that diyroid hormone receptors are not abundant in early embryos (19) . We suspect that the follicle cells, rather than the oocyte, may have been the location of die TRal mRNA Experiments can now be performed to determine thyroid hormone receptor mRNA localisation throughout early development and beyond. 
(B)
The polypeptide encoded by the XenTRal cDNA clone is functional in binding T3 with an affinity characteristic of TRal-type receptors. Together with the sequence comparisons, these data show that the cloned cDNA encodes a receptor which we are justified in designating XenTRal. We have shown that a CAT construct, driven by a promoter containing a thyroid hormone response element, can be cotransfected into COS cells with the XenTRal expression construct. In such a cotransfection assay, T3-dependent induction of the CAT activity is observed, presumably through transcriptional regulation mediated by the ligand-receptor-response element interactions. At present little is known about which Xenopus genes respond primarily to thyroid hormones. But it is evident that a thyroid hormone response element derived from work on the rat growth hormone gene promoter, also interacts productively with the Xenopus receptor described above. (20) . This raises the possibility that the XenTRal mRNA is not naturally translated with a high efficiency. The family of short translation products which we observed may be an artefact of the in vitro translation system (21) . But it is interesting to note a similar finding with the in vitro translation of a chicken TRa sequence. There is evidence that the products of internal initiation observed in vitro actually exist in chicken erythroblasts (22) . The function of these shorter polypeptides is unclear. However from the point of view of experimental manipulation, the expression of the long open reading frame is enhanced if the upstream sequence is deleted.
The existence of several types of thyroid hormone receptor in other animal species suggests that the TRal type described here is riot the only one present in Xenopus. Our isolation of the receptor cDNA provides a starting point for studies of thyroid hormone receptor throughout the development of this animal.
